The Title of candidate thesis: "Quantitative regularities of synergistic effects after combined action of ultrasound and hyperthermia on yeast cells" Experimental evidences have been presented showing the existence of the greatest synergistic interaction at a definite ratio of damages produced by ultrasound and hyperthermia. The following facts have been predicted: the value of this synergy, condition under which it can be achieved and its dependence on the intensity of agents applied.
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1. Petin V.G., Zhurakovskaya G.P., Komarova L.N. Synergistic interaction of ionizing radiation with other harmful agents and environmental health criteria // International Conference on Radiation and Health, Beer Sheva (Israel), 1996, p. 116 2. Komarova L.N. The significance of synergistic interaction of environmental factors ay low dose region // Third Congress on Radiation Research -Puschino. -1997. -V.2, p. 228 3. Petin V.G., Zhurakovskaya G.P., Komarova L.N. Fluence rate as a determinant of synergistic interaction of simultaneous action of UV-light and mild heat in Saccharomyces cerevisiae // Photochem. Photobiol. B: Biol. -1997, V. 38, p. 123-128 5. Petin V.G., Zhurakovskaya G.P., Komarova L.N., Ryabova S.V. Synergism of environmental factors as a function of their intensity. Russian J. Ecology 29 (1998) 338-343. 14. Kalugina A.V., Komarova L.N., Petin V.G. Ultrasound is known to interact with various physical and chemical agents in a synergistic manner. In particular, some lines of evidence show that synergistic interaction exists under combined action of ultrasound with hyperthermia, ionizing radiation and various chemical agents. There is considerable interest in the use of therapeutic ultrasound in cancer therapy for the induction of localized hyperthermia. In such a case, a simultaneous action of ultrasound and hyperthermia might result in a synergistic interaction. It has been shown earlier that there is an optimal temperature that maximizes the synergy of simultaneous action of ionizing radiation and hyperthermia for various unicellular organisms. The resembling results have been obtained for synergistic interaction of ultraviolet light and mild heat in Saccharomyces cerevisiae. However, similar data are unknown for ultrasound and hyperthermia. Therefore, the main aim of this work was experimental and theoretical investigation of synergistic interaction under combined action of ultrasound and hyperthermia on yeast cells.
As a result of this work, the following new original results have been obtained:
• for yeast cell inactivation it was demonstrated for the first time that synergistic effect display after simultaneous action of ultrasound and hyperthermia were depended on the ratio of lethal effects produced by these agents applied separately; • it was shown that, for any fixed ultrasound intensity, there should be exist an optimal temperature under which the greatest synergistic effect was observed; • the dependence of simultaneous treatment of ultrasound and hyperthermia on the ultrasound intensity has been proved; • mathematical model of synergism was successfully applied for quantitative description of yeast cell inactivation after simultaneous action of ultrasound and hyperthermia; • the model predicts quantitatively the value of the greatest synergistic effect and condition under which it can be achieved; the model explained qualitatively the dependence of synergistic effect on the ultrasound intensity. Basing on the experimental results obtained and summarizing the results published by other authors, some generalized patterns of synergistic effect display have been revealed after combined actions of various environmental factors -the synergism depends on the ratio of damages induced by the agents under consideration; there exists the optimal ratio of the effects produced by the agents applied under which the highest synergism was observed; the proposed mathematical model predicts the highest synergistic effect, its value and condition under which it can be achieved; the synergism depends on the intensity of agents applied.
Among the new experimental data obtained, the most important ones were related with simultaneous action of ultrasound and hyperthermia on yeast cells, the simplest model of eukaryotic cells. The synergistic interaction between both modalities was observed only within a definite range of high temperature. For other temperatures the effect was only additive. Hence, there is a specific temperature that maximizes the synergy. Any change in the number of lethal damages induced by ultrasound or heat resulting in a decreasing or increasing the ratio of effective damage from optimal value was shown to cause the reduction of the synergistic interaction.
The similar mathematical model was used earlier to describe the dependence of synergistic effect on the ratio of lethal damages produced by hyperthermia applied simultaneously with ionizing radiation and UV light for various unicellular organisms. Taking this data and the results of our work as a whole, it was concluded that the same model could analyze different biological systems exposed simultaneously by various physical factors. It suggests a general validity of the model for the description, prognosis and optimization of synergistic interaction. The main aim of this work is a theoretical substantiation and experimental verification of mechanism of interaction between ionizing radiation and various physical and chemical environmental agents for creation of a new conception of synergistic interaction and predictions of biological effects after combined exposures.
The scientific novelty of this work is experimental evidence of a new conception of synergistic interaction of ionizing radiation with other environmental agents for the prediction of synergistic effects. The following new facts, original results and based on these data a new conception of mechanism of synergistic interaction have been obtained for the first time in this work.
The dynamics of postradiation recovery of diploid yeast cells were experimentally investigated after various conditions of combined action of ionizing radiation and hyperthermia. The rate and the volume of recovery were shown to be decreased with an increase in inactivated temperature and the duration of its action. It was proved that the mechanism of synergistic interaction of ionizing radiation and hyperthermia is not related with the damage of recovery process itself, as it was traditionally supposed, but is caused by the production of a greater number of irreversible damage which cell is incapable to recover. It was concluded that the inhibition of recovery process observed in experiments is a consequence of the production of irreversible damage.
It was ascertained that the mechanism of mammalian cell radiosensitization by hyperthermia and chemical agents was not related with the damage of recovery process itself and can be explained by the production of a greater yield of irreversible damage, which cell is incapable to recover. Parameters of the DNA strand breaks repair were estimated for the first time for mammalian cells. It was shown that the recovery constant was independent of the conditions of combined action of ionizing radiation and hyperthermia. The decrease in the rate and volume of recovery can be completely explained by an enhanced yield of the irreversible damages, which can't be repaired.
It was concluded that the recovery inhibition observed in experiments after combined actions of various modalities on yeast and mammalian cells are not the reason of radiosensitization and/or synergistic interaction, but an entirely expected and predicted consequence of the production of irreversible damage from which cells are incapable to recover.
A mathematical model for the synergistic interaction of physical and chemical environmental agents was suggested for quantitative prediction of irreversibly damaged cells after combined exposures. The model takes into account the synergistic interaction of agents and based on the supposition that additional effective damages responsible for the synergy are irreversible and originated from an interaction of ineffective sublesions. A good correspondence between experimental results and model prediction was demonstrated.
New patterns of radiation hormesis were revealed for combined action of low dose radiation and other factors on yeast cells holding after irradiation in non-nutrient media. The acute and chronic radiation treatment at room temperature resulted in the reduction of dying of cells surviving after irradiation. The radiation hormesis effect was observed for both wild type and radiosensitive mutant diploid cells defective in radiation damage repair. However, it was only slightly expressed for haploid cells. The results are interpreted within the traditional hypothesis about the role of reparation systems in hormesis effects.
Abstracts of scientific works on the theme: Combined action of ionizing radiation and other environmental agents on living organisms: new regularities and perspectives
The main aim of this work is a theoretical substantiation and experimental verification of mechanism of interaction between ionizing radiation and various physical and chemical environmental agents for creation of a new conception of synergistic interaction and predictions of biological effects after combined exposures.
The dynamics of postradiation recovery of diploid yeast cells were experimentally investigated after various conditions of combined action of ionizing radiation and hyperthermia. The rate and the volume of recovery were shown to be decreased with an increase in inactivated temperature and the duration of its action. It was proved that the mechanism of synergistic interaction of ionizing radiation and hyperthermia is not related with the damage of recovery process itself, as it was traditionally supposed, but is caused by the production of a greater number of irreversible damage which cell is incapable to recover. It was concluded that the inhibition of recovery process observed in experiments is a consequence of the production of irreversible damage [13, 39] .
New experimental results about the dynamics of postradiation recovery of diploid yeast cells exposed to the simultaneous action of ultraviolet radiation (254 nm) and hyperthermia have been obtained. It was elucidated that the rate and the volume of recovery were decreased with an increase in inactivating temperature. It was shown that the mechanism of synergistic interaction of the simultaneous action of ultraviolet radiation and hyperthermia is related with the production of a greater number of irreversible damage which cell is incapable to recover. It was concluded that the inhibition of recovery process observed in these experiments is a consequence of the production of irreversible damage [15, 35] .
It was ascertained that the mechanism of mammalian cell radiosensitization by hyperthermia and chemical agents was not related with the damage of recovery process itself and can be explained by the production of a greater yield of irreversible damage, which cell is incapable to recover [16, 19, 43, 45] .
Parameters of the DNA strand breaks repair were estimated for the first time for mammalian cells. It was shown that the recovery constant was independent of the conditions of combined action of ionizing radiation and hyperthermia. The decrease in the rate and volume of recovery can be completely explained by an enhanced yield of the irreversible damages, which can't be repaired [37, 38, 40, 42] .
A mathematical model for the synergistic interaction of physical and chemical environmental agents was suggested for quantitative prediction of irreversibly damaged cells after combined exposures. The model takes into account the synergistic interaction of agents and based on the supposition that additional effective damages responsible for the synergy are irreversible and originated from an interaction of ineffective sublesions. A good correspondence between experimental results and model prediction was demonstrated [38, 39, 42] .
New patterns of radiation hormesis were revealed for combined action of low dose radiation and other factors on yeast cells holding after irradiation in non-nutrient media. The acute and chronic radiation treatment at room temperature resulted in the reduction of dying of cells surviving after irradiation. The radiation hormesis effect was observed for both wild type and radiosensitive mutant diploid cells defective in radiation damage repair. However, it was only slightly expressed for haploid cells. The results are interpreted within the traditional hypothesis about the role of reparation systems in hormesis effects [18, 28] .
Taking into consideration new results of this work as a whole, we make conclude that different biological systems exposed simultaneously by two various physical and chemical factors can be analyzed by the same conceptual basis and mathematical model. It suggests a general validity of the model for the description, prognosis and optimization of synergistic interaction of two harmful agents.
ABSTRACTS OF THE PAPERS
Petin V.G., Zhurakovskaya G.P., Komarova L.N. Fluence rate as a determinant of synergistic interaction of simultaneous action of UV-light and mild heat in Saccharomyces cerevisiae // Photochem. Photobiol. B: Biol. -1997, V. 38, p. 123-128 In experiments with wild-diploid yeast cells of Saccharomyces cerevisiae, the synergistic lethal action of a simultaneous application of ultraviolet (UV) light (wavelength, 254 nm) and mild heat (45-57.5°C) was studied. It was shown that, at any fixed UV light intensity, the synergistic effect occurred within the given temperature interval. The optimal temperature to achieve the greatest synergistic effect may be shown for every fluence rate examined. The correlation between the optimal temperature that maximized the synergy and UV light intensity was estimated: this temperature shifted towards higher temperature values with an increasing fluence rate. A possible interpretation of this effect is based on the supposition that the mechanism of the synergistic effect is related to additional lethal damage produced by the interaction of sublesions induced by each agent. These sublesions are supposed to be non-lethal when each agent is applied separately.
Petin V.G., Zhurakovskaya G.P., Komarova L.N. Mathematical description of combined action of ultrasound and hyperthermia on yeast cells. // Ultrasonics -1999, V. 37, p. 79-83.
The inactivation of diploid yeast cells of Saccharomyces cerevisiae was studied after simultaneous treatment of ultrasound and hyperthermia. The existence of a definite temperature range was proved within which a synergistic interaction was determined. An optimal temperature that maximized the synergy could be identified. A simple mathematical model of synergistic interaction of damages produced by ultrasound and high temperature has been proposed. The model suggests that synergism is expected from the additional lethal damage arising from the interaction of sub-lesions induced by both agents. The model allows quantitative analysis of the combined action of two agents used to be performed, and predicts the greatest value of the synergistic effect and conditions under which it can be achieved. The inactivation of wild-tipe yeast cells (Saccharomyces cerevisiae) under joint action of ultrasound and hyperthermia was studied. The temperature range within which the synergism of these agents occurs was found. The synergistic effect was shown to depend on the ultrasound intensity and the sonication temperature. With raising the ultrasound intensity, the temperature range where the ultrasound action is enhanced is shifted toward higher temperatures. At each of the ultrasound intensites, there exists on optimal temperature at which the synergistic effect is maximal. The results obtained were interpreted under the assumption that the synergism is due to the emergence of additional lethal cell damages because of the interaction of some subdamages that are nonlethal under the separate action of the agents. Quantitative regularities of recovery of wild-type diploid yeast cells irradiated with γ-rays ( 60 Со) simultaneously with exposure to high temperatures were studied. It was shown that in conditions of such a combined action the constant of recovery does not depend on the temperature under which the irradiation was occurred. However, with an increase of acting temperature an augmentation in the portion of irreversible component was registered. The analysis of cell inactivation forms revealed that the augmentation of irreversible component was accompanied by a continuous increase of cell killing without any postirradiation division after which cells are incapable of recovery. The reproductive death was mainly exerted after ionizing radiation applied alone while in conditions of simultaneous thermoradiation action the interphase killing (cell death without division) was predominated. It is concluded on this base that the mechanism of synergistic interaction of ionizing radiation and hyperthermia may be related with cardinal change in mechanisms of cell killing. Tkhabisimova M.D., Komarova L.N., Petin V.G. Dark recovery of diploid yeast cells after simultaneous exposure to UV-radiation and hyperthermia // Cytology -2002, V. 44, p. 555-560 Quantitative regularities of dark recovery of wild-type diploid yeast cells of Saccharomyces cerevisiae simultaneous treated with UV-light (254 nm) and high temperatures (53-56 °C) were studied. It was revealed that under such combined action the constant of recovery which defined the probability of elimination of UV-radiation induced damage per unit of time, does not depend on the temperature under which the irradiation was occurred. It was shown that both the irreversible component of cell damage and the number of cell killing without division are gradually increased with the exposure temperature increasing. It is concluded on this basis that the mechanism of synergistic interaction of UV-radiation and hyperthermia is not related with the inhibition of the process of dark recovery itself but with the increase in the fraction of irreversibly damaged cells which are incapable of recovery from the damage induced. Using the methodology described in this paper to estimate quantitative parameters of the recovery and experimental data published by others it was shown that the fraction of irreversible component increases with the increase in the concentration of chemical inhibitors of recovery while the recovery constant, i.e. the probability of the recovery per time unite, was identical for all treatments studied. The inhibition of cell recovery might be proceeded via either the damage of the mechanism of the recovery itself or via the formation of irreversible damage which could not be repaired at all. Both these processes may take place at the same time. Any of these possibilities would result in a decrease in both the rate and extent of cell recovery. To distinguish them, a quantitative approach describing the process of recovery as a decrease in the effective radiation dose was applied to experimental data on the recovery from potentially lethal damage in Chinese hamster cells exposed to X rays alone or combined with various chemicals (pyruvate, novobiocin, lactate, nalidixic acid, 3 aminobenzamide). For these particular cases, it is concluded that the recovery process itself is not damaged and the inhibition of the recovery is entirely due to the enhanced yield of the irreversibly damaged cells. and Risk -2006, V. 15, p. 77-84 A comparative study of quantitative regularities of haploid and diploid yeast cell dying in unnutrient media was carried out for various strains exposed to ionizing radiation. Cell dying was observed in control and cells treated to chronical (γ-rays of 137 Cs) and acute (γ-rays of 60 Со) irradiation. It was established that after chronical (for a month at 30 ºС) treatment of ionizing radiation at the dose rate range 3·10 -2 -10 2 of the natural radiation background resulted in the reduction of the cell dying velocity. In these experiments the reverse dose rate effect was obtainedthe lower doses and dose rates of ionizing radiation were more effective in comparison with the higher doses and dose rates. The single acute treatment at room temperature resulted in the reduction of dying of cells surviving after irradiation. The cell dying has taken place at 37 и 40 ºС.
Komarova L.N. Hormesis effect display in yeast cells exposed to ionizing radiation // Radiation
This process was registered not only at traditional low doses decreasing cell survival to 70-90 % but also at high doses when cell survival was only a few percents. The radiation hormesis effect was shown to be slightly expressed for haploid yeast cells. The results obtained in this paper are interpreted within the traditional hypothesis about the role of reparation systems in hormesis effects.
Petin V.G., Komarova L.N. Significance of synergistic interaction of ionizing radiation and other unhealthy factors for strengthening of Chernobyl accident consequences // Radiation and Risk -2006, V. 15, p. 85-113 The main aim of this paper is to demonstrate a possible significance of synergistic interaction of ionizing radiation and other unhealthy factors for strengthening of Chernobyl accident consequences. Basing on a numerous experimental data, the universal lows of synergism are derived, which are independent on agents applied, biological objects and effects observed. A new conception of mechanism of synergistic interaction is proposed. A mathematical model based on this conception is developed. The comparison of this model with experimental data demonstrated the applicability of the model proposed for prediction of the synergy, its highest value and the condition under which it can be achieved. A lot of universal predictions of this model have been revealed, the cardinal of which being formulated as follows. First of all, there is an optimal ratio of acting agents providing the highest synergistic effect. Secondly, any deviation of this ratio from optimal one resulted in a decrease of the synergy. And at last, the synergy depends on the intensity of the agents employed: at a smaller intensity of ionizing radiation or other physical factors (or the concentration of the chemical agents), one has to reduce the intensity of another factor (for instance, the acting temperature) to preserve the highest synergistic effect. These data, in principle, indicate a potential significance of synergistic interaction at low intensity of adverse factors encountered in the natural environment. Some examples of the significance of synergistic interaction of various agents for strengthening of Chernobyl accident consequences are presented. A mathematical model of DNA postirradiation repair and methodology allowing to differentiate the mechanism of molecular recovery inhibition after combined actions of ionizing radiation and different inhibitors of DNA repair were described in this paper. Using this model and the results published by other authors for cultured mammalian cells, there were obtained the original data showing that the portion of cells incapable of recovery after consecutive thermoradiation action was risen with thermal load increase under insignificant change of repair constant. It means the mechanism of molecular recovery inhibition is realized in a greater extent through the formation of irreversible damages but not through the damage of repair process itself. Using experimental results published by other authors the irreversible component of radiation damage and recovery constant, characterized the probability of recovery of mammalian cells of various origin from radiation damages per unit time, have been calculated. It was shown that the inhibition of postirradiation recovery, displayed in the decreasing of both the rate and the volume of recovery, has occurred due to the increasing in the portion of radiation damages from which the cell is incapable to recover. At the same time the recovery constant was independent on the conditions of combined action in the most cases, being decreasing in small extent only for hydroxyurea and 3-aminobenzamide. It was concluded that the inhibition of recovery is not the main reason of chemical radiosensibilization, but is a quite expected consequence of the increase in the portion of irreversibly damaged cells. The results of experimental research of diploid yeasts cells survival after simultaneous action of hyperthermia and ionizing radiation ( 60 Со) have been described. It was shown that the cell ability to liquid holding recovery decreased with an increase in the temperature, at which the exposure was carried out, due to the increase in the irreversible component determining the relative part of radiation damage which cells are incapable to recover. To predict theoretically the relative part of irreversible radiation damage after combined action, the mathematical model was suggested taking into account the synergistic interaction of agents. A good correlation between experimental results and model prediction was demonstrated. The importance of the results obtained for the interpretation of the mechanism of synergistic interaction of various factors is discussed. A mathematical model of DNA strand breaks postirradiation repair and methodology allowing to differentiate the mechanism of inhibition of DNA strand breaks recovery after combined actions of ionizing radiation and hyperthermia have been described in this paper. Using this model and the results published by other authors for DNA strand breaks of Ehrlich ascites cells, there have been obtained the data showing that the portion of DNA-damages that the cell incapable to recover after consecutive thermoradiation action was risen with an increase in thermal load under insignificant change of repair constant. It means the mechanism of DNA strand breaks recovery inhibition is realized in a greater extent through the formation of irreversible damages but not through the damage of repair process itself. Kim J.K., Komarova L.N., Kim S.H., Petin V.G. Inhibition of DNA repair from radiation damage by hyperthermia is mainly realized through the production of irreversible damage. // Indian J. Rad. Res. -2007-4 (3-4), pp. 188-195. A quantitative approach describing the process of DNA repair as a decrease in the effective radiation dose was applied to experimental data on the influence of hyperthermia on the repair of DNA strand breaks after exposure of Ehrlich ascites cells growing in vitro to ionizing radiation. The data obtained strongly suggests that the repair process itself is not damaged after different heat pretreatments were applied immediately prior to a dose 6 Gy of ionizing radiation. It is concluded that the heat pre-treatment inhibitory effect on the repair of DNA strand breaks induced by radiation is completely due to the enhanced yields of the irreversible damages.
Petin V.G., Kim J.K., Kritsky R.O., Komarova L.N. Mathematical description, optimization and prediction of synergistic interaction of fluoride and xylitol // Chemosphere. Environmental Toxicology and Risk Assessment -2008 -V.72, pp. 844-849 The potential ability of various physical or chemical agents to enhance their effect when they are applied simultaneously with each other is well-known. The purpose of this study was to adjust a simple mathematical model to describe, optimize and predict a synergistic interaction between fluoride and xylitol on acid production by mutans streptococci. The model suggests that the synergism is caused by the additional effective damage arising from an interaction of sublesions induced by each agent. These sublesions are considered to be ineffective when each agent is used individually. The predictions of the model were verified by comparison with experimental data published by other researchers. It was shown that the model describes the experimental data, predicts the greatest value of the synergistic effect and the condition under which it can be achieved. The synergistic effect appeared to decline with any deviation from the optimal value of the ratio of effective damages produced by each agent alone. A mathematical model for the synergistic interaction of physical and chemical environmental agents was suggested for quantitative prediction of irreversibly damaged cells after combined exposures. The model takes into account the synergistic interaction of agents and based on the supposition that additional effective damages responsible for the synergy are irreversible and originated from an interaction of ineffective sublesions. The experimental results regarding the irreversible component of radiation damage of diploid yeast cells simultaneous exposed to heat with ionizing radiation ( 60 Со) or UV light (254 nm) are presented. It was shown that the cell ability of the liquid holding recovery decreased with an increase in the temperature, at which the exposure was occurred. A good correspondence between experimental results and model prediction was demonstrated. The importance of the results obtained for the interpretation of the mechanism of synergistic interaction of various environmental factors is discussed.
